Prairie dogs (Cynomys spp.) 
Considerable controversy has revolved around the blacktailed prairie dog (Cynomys ludovicianus). It is viewed as both a keystone species (Whicker and Detling 1988, Miller et al. 1994 ) and competitor of livestock (Merriam 1902 , Kelso 1939 , Hansen and Gold 1977 .
To control losses caused by prairie dogs, landowners and managers have relied upon lethal means, including the use of toxic baits, fumigants, and shooting (Hygnstrom and Virchow 1994) . Recently, researchers have evaluated nonlethal practices, including deferred grazing (Snell and Hlavachick 1980, Cable and Timm 1988) , cage-capture and translocation (Robinette et al. 1995 , Roe and Roe 2003 , and visual barriers (Franklin and Garrett 1989 , Hygnstrom 1995 , Merriman et al. 2004 .
Prairie dogs prefer areas with minimal visual obstructions and even modify their habitat by clipping vegetation to create a clear view of their surroundings (Weltzin et al. 1997) . Hoogland (1995) reported that 93% of tall grasses transplanted near the center of a coterie had more than 50% of the new vegetation removed by prairie dogs. Vegetation clipping may facilitate the early detection of predators by prairie dogs. King (1955) theorized that prairie dogs reduce the risk of predation through both communication and habitat modification. Hoogland (1979a) found that along the edge of a colony prairie dogs devoted significantly more time to alert postures than prairie dogs in the center of a colony. He concluded that this was in response to greater vegetative cover and a lower density of prairie dogs along the edge of the colony. If prairie dogs seek areas without visual obstructions, the use of visual barriers could prove effective in controlling damage caused by prairie dogs. Franklin and Garrett (1989) reported that the expansion of a black-tailed prairie dog colony was controlled with 3 parallel rows of 1-m burlap and 3 parallel windrows of ponderosa pine (Pinus ponderosa). They concluded that visual barriers may be effective in certain situations, but use of barriers was limited due to high labor costs associated with maintenance and construction. Hygnstrom (1995) reported that SB Tensart snowfence and Sno-Strap (Tensar Polytechnologies, Morrow, Georgia) were ineffective in controlling recolonization of black-tailed prairie dogs into areas that were previously depopulated. More recently, Merriman et al. (2004) reported that visual barriers constructed of woven fabric or galvanized sheet metal did not affect the movements of black-tailed prairie dogs.
To gain a better understanding of how prairie dogs respond to visual barriers, we examined the behavioral responses of black-tailed prairie dogs to SB Tensar snowfence applied across 2 colonies of black-tailed prairie dogs. Specifically, we evaluated the effects of visual barriers on 1) vigilant, foraging, and aggressive behaviors, 2) size and location of use-areas, and 3) number of prairie dogs observed within 50 m of visual barrier fences. We expected that prairie dogs near visual barriers would be more vigilant than prairie dogs not exposed to a barrier and, therefore, would spend less time feeding than prairie dogs in control colonies. We also predicted that adult females would reduce the size of their use-areas and move away from visual barriers. As a result, we predicted that more aggressive behavior would occur in treatment colonies as individuals moving away from visual barriers entered territories of other prairie dogs and coteries. We also hypothesized that the number of prairie dogs near a visual barrier would decrease over time.
Study Area
The study was conducted on 4 colonies of black-tailed prairie dogs on the eastern edge of the Sandhills prairie in central Nebraska, USA, in 1990. Annual precipitation in the region averaged 49 cm, with 75% occurring between April and September (White and Hubbard 1989) . The primary soil type in the area was Valentine fine sands (Lewis 1989 ), but prairie dogs typically established their colonies in areas with lower elevation and finer soil particles. The predominant grass species on the prairie dog colonies was blue grama (Bouteloua gracilis). Primary native vegetation away from prairie dog colonies included little bluestem (Schizachyrium scoparium), sand bluestem (Andropogon hallii), prairie sandreed (Calamovilfa longifolia), needle-and-thread (Stipa comata), and sedges (Carex spp.; Kaul 1989 ).
Methods
The size of the 4 colonies ranged from 6 to 15 ha. We divided each colony into equal halves and randomly selected one half for depopulation. Toxic baits were applied to this half (Hygnstrom et al. 1998 ) and followed up with a variety of fumigants (Hygnstrom and VerCauteren 2000) . We assumed the densities of prairie dogs in the treated halves after treatment to be zero, based on visual observations and efficacy rates of the 2 control methods combined. Immediately following fumigation in June 1990, we installed a visual barrier fence on colonies designated ''T1'' and ''T2'' on the dividing line between the treated and untreated halves of each colony. The visual barriers were constructed with SB Tensar snowfence, a black polyethylene plastic mesh, 0.6 m high, with a see-through visibility of 60%, supported by steel fence posts spaced 10 m apart. Colonies ''C1'' and ''C2'' served as control sites where the number of prairie dogs observed and other environmental conditions were similar, but no visual barrier was installed. We marked a 25-m interval grid along the length of each visual barrier fence and dividing line in the control colonies with 0.5-m fiberglass rods. The grids were 125 m long and extended 50 m into both the populated and depopulated areas of each colony. We captured prairie dogs with single-door cage traps in the populated grids after prebaiting the traps with oats for 2-4 days. We weighed, sexed, and marked the captured prairie dogs with Nyanzol D fur dye (Belmar Co., North Andover, Massachusetts). We marked juveniles with a spot on the rump and adult males with a spot on the head. We marked adult females with unique patterns of lines for individual identification in the field and ear-tagged them for permanent identification. We observed the behavior of adult female prairie dogs from 22 June-14 August from elevated blinds on the edge of each colony. The presence of an observation blind did not affect the behavior or centers of activity for either treatment or control animals. We focused on adult females because their behavior and use-areas are relatively constant after the young emerge in June ( J. L. Hoogland, University of Maryland Center for Environmental Science Appalachian Laboratory, personal communication). Each day was divided into 4 intervals: early morning (0600-0900 hours), late morning (0900-1200 hours), late afternoon (1500-1800 hours), and evening (1800-2100 hours). We randomly selected the interval during which a colony was visited each day. We visited each colony at least 5 times per week.
After a habituation period of at least 15 minutes in the blind, we randomly selected a marked adult female that was aboveground, within the populated grid area, and not giving an alarm call. We observed the animal for 5 minutes and recorded the behavior identified by King (1955) and Hoogland (1979a,b;  Table 1 ) every 15 seconds using an instantaneous sampling procedure (Altmann 1974) . We terminated 5-minute observation periods after we made 3 consecutive ''out of view'' recordings on the focal animal. We then switched to another focal animal and continued recording behavioral observations. On average we observed each marked adult female once per visit. When we observed an individual prairie dog more than once per day, we assumed that data were independent, as the observational periods were always 30 minutes apart (Hoogland 1979a ). We did not use data from prairie dogs observed ,2 minutes (1 occasion) or on fewer than 7 occasions in the analysis. At Table 1 . Behaviors of black-tailed prairie dogs observed on 4 colonies in central Nebraska, USA, in 1990, based on references by King (1955) and Hoogland (1979a,b the end of each visit, we recorded the number of prairie dogs observed in each of the following areas: within 12.5 m of the fenceline, 12.5-25 m, 25-37.5 m, and 37.5-50 m from the visual barrier or centerline. We also recorded the number of prairie dogs observed in the depopulated grid area and averaged the number of prairie dogs in each grid section on each colony during 2 26-day time periods, 22 June-18 July and 19 July-14 August. At the beginning of each 5-minute observation period, we recorded the location of the focal animal on a map of the grid area. We were only interested in prairie dogs that were within 50 m of the visual barrier and potentially responding to the treatment. We followed guidelines of the University of Nebraska-Lincoln Institutional Animal Care and Use Committee (IACUC #89-10-002) while conducting this study. We used a nested split-plot design with weighted variances to determine the effects of the treatment and the time of day on time allocation by prairie dogs. Variances were weighted because they were neither homogenous nor normally distributed. No transformation of data would satisfy these assumptions. The treatment was the whole-plot factor and the time of day was the split-plot factor. We analyzed the treatment effect using the corrected error term of colony within treatment. Due to the small number of replicates (n ¼ 2 colonies), P values ,0.1000 were considered significant. We initially used the number of aboveground prairie dogs as a covariate, but as it had no significant impact on the behaviors of prairie dogs (P 0.1375), we removed it from the final analysis. We plotted relocations on a grid map of each colony and used a harmonic mean method to generate estimates of useareas (Dixon and Chapman 1980) during the 2 summer time periods for 14 of the 35 marked adult female prairie dogs captured. We estimated use-areas from a mean of 20 observations (range 7-41). We were unable to locate 21 of the 35 adult females frequently enough to generate reliable estimates of use-areas. To evaluate spatial response to the treatments, we compared the perpendicular distance from the centers of use-areas to the visual barrier or centerline of the colony during early and late summer. We used the 90% isopleth to visually confirm conclusions about movements. We used a Kruskal-Wallis one-way analysis of variance (ANOVA) to evaluate relationships across mean use-area size for adult female prairie dogs in treatment and control colonies during the early and late summer. We used a oneway ANOVA to evaluate relationships between the movement of use-area centers away from a visual barrier or centerline during early and late summer. We compared distributions of marked adult female prairie dogs among the populated grid sections during early and late summer using a v 2 contingency table (Steel and Torrie 1980) . We could not make comparisons between treatments or among control colonies because the numbers of prairie dogs observed in the grid areas were not equal.
Results
We trapped and marked 140 prairie dogs (34 adult males, 35 adult females, and 71 juveniles) in the populated grids. We recorded behavior for 14 of 35 adult females, as the fates of 11 of the 20 (55%) treatment and 10 of the 15 (66%) control animals were unknown. Five hundred seventy-one independent animal-observation sessions of the 14 adult female prairie dogs yielded 11,825 instantaneous samples. The average number of samples per 5-minute interval was 19.7, of a possible 20.
Prairie dogs spent over half of their time foraging, regardless of the presence of or proximity to a visual barrier (Fig. 1) . Prairie dogs spent about 30% and 45% of their time in vigilant or vigilant-foraging behaviors in treatment and control colonies, respectively. We observed only one act of aggression, a chase initiated by an unmarked adult upon a marked adult female, during the study. Prairie dogs in the vicinity of the visual barriers spent more time foraging and less time head-bobbing than did the control animals (treatment, P ¼ 0.0876, control, P ¼ 0.0150; Fig. 1 ). Prairie dogs spent more time foraging in the evening than in the early morning (P ¼ 0.0595) or late morning (P ¼ 0.0142) regardless of the presence of a visual barrier. Prairie dogs spent less time foraging in a head-bob position in the late morning than in the early morning (P ¼ 0.0157) or evening (P ¼ 0.0069) on both treatment and control colonies.
The mean size of use-areas for adult females in the treatment colonies was less than half the size of the useareas in the control colonies in both the early and late summer (P ¼ 0.056; Fig. 2 ). Relatively little change was observed in the size of use-areas in the treatment and The distance between the centers of use-areas and a visual barrier or centerline did not differ for prairie dogs between treatment and control sites or across early and late summer ( Fig. 3 ; P ¼ 0.281). Four of the 9 adult female prairie dogs in the treatment colonies increased the distance of the center of their use-area from a visual barrier by a mean of 49% (range ¼ 1-30 m) from early to late summer. One prairie dog in colony T1 shifted the center of its use-area away from a visual barrier by 125%, while 5 shifted away from a visual barrier by a mean 22%. Three of the 5 adult females in the control colonies shifted away from a centerline by a mean of 37% (range ¼ 6-8 m) from early to late summer. Two prairie dogs in a control area shifted toward a centerline by 45%.
The number of prairie dogs observed in the populated grids of the treatment and control colonies were similar across time (P ¼ 0.148). Eighty prairie dogs occupied the treatment colonies (n ¼ 19 females), and 60 (n ¼ 16 females) occupied the control colonies. We observed more prairie dogs in the populated grids in the evening than in the late morning (P ¼ 0.0030) or late afternoon (P ¼ 0.0090). The distribution of prairie dogs at 12.5-m intervals, up to 50 m from a visual barrier or centerline in populated grid areas, did not change significantly on any colony (P .0.900).
The mean number of prairie dogs observed in depopulated grids across the early and late summer (x ¼ 4) was considerably less than in populated grids (x ¼ 15; P 0.008). The mean number observed in the depopulated grids of the treatment colonies was less in the early summer (x ¼ 1.8) than in the later half of summer (x ¼ 3.1; P ¼ 0.008). In control colonies the mean number of prairie dogs in the depopulated areas decreased slightly from the early summer (x ¼ 5.9) to late summer (x ¼ 5.4; P ¼ 0.022). The mean number of prairie dogs in populated grids of treatment colonies increased across early (x ¼ 15.7) to late summer (x ¼ 19.5; P ¼ 0.030). In populated grids of control colonies the mean number of prairie dogs decreased from early summer (x ¼ 13.9) to late summer (x ¼ 12.8; P ¼ 0.008).
Discussion
We expected that prairie dogs exposed to a visual barrier would spend more time in vigilance than prairie dogs in control colonies because the view of their surroundings was occluded. Hoogland (1979a) found that black-tailed prairie dogs on the edge of a colony, where vegetation may have occluded their view, were more vigilant than animals within the colony. Surprisingly, adult female prairie dogs near visual barrier fences in central Nebraska spent less time in vigilant or vigilant-foraging behaviors than prairie dogs in control colonies. Prairie dogs may forage while headbobbing, a vigilant-foraging behavior in which an animal lifts its head up for 1-5 seconds, apparently examining its surroundings. Prairie dogs exposed to a visual barrier fence spent more time foraging than those not exposed to a visual barrier. It is unlikely that the visual barrier would have caused prairie dogs to forage more and be less vigilant than the control animals. The differences observed in vigilant and foraging behavior likely were not due to the number of prairie dogs observed per colony because the density did not differ between treatment and control areas. The level of other disturbances such as predators and shooting or differences in forage production could have influenced the amount of time spent in vigilant behavior (Stockrahm 1979) , but these factors were not controlled or determined, and their effects are unknown.
Prairie dogs in treatment and control colonies spent over half of their time foraging. We observed more prairie dogs foraging in the evening than in the morning or afternoon. Prairie dogs spent more time foraging in a head-bob position in the early morning and evening than in the late morning. These results are consistent with Hoogland's (1979a) conclusion that prairie dogs spend more time foraging when more conspecifics are in the immediate area. If the predators of prairie dogs are more active at dawn and dusk, it would be reasonable to expect more vigilance at these times. We anticipated that the size of use-areas would decrease from early to late summer as prairie dogs were exposed to a visual barrier, but they did not. The size of the use-areas increased for about half of the prairie dogs in the treatment colonies, while the others moved less and the size of their use-areas decreased. Franklin and Garrett (1989) reported that prairie dog activity declined over a 2-month period and colony expansion along the edge with a burlap fence was less than where no fence was present. Adult female prairie dogs in our study exhibited a high degree of fidelity to their useareas through the summer, even in the presence of and proximity to a visual barrier. We anticipated that, through the summer, the use-areas of adult females would either shift away from the visual Figure 3 . Mean distance (m) of use-area centers from a visual barrier (treatment, n ¼ 9) or center line (experimental control, n ¼ 5) across early and late summer in central Nebraska, USA, 1990. barriers or into the depopulated area. The differences between use-area centers from a visual barrier or centerline for prairie dogs in treatment and control colonies, respectively, were not significant across early and late summer (Fig. 3) . Franklin and Garrett (1989) reported that prairie dogs abandoned an area with visual obstructions. In our study the use-areas of the treatment animals did not shift in response to the visual barrier. Thirteen of the 14 adult female prairie dogs occupied the same use-areas throughout the summer. One adult female in a treatment colony, however, shifted its use-area into the depopulated grid. It is possible that this prairie dog was returning to a use-area that it occupied prior to fumigation or relocating to be with juveniles in the depopulated grid. We expected that aggression would increase as a result of increased movements in association with the visual barrier. Prairie dogs did not move and we only observed one incidence of aggressive behavior across the summer. We observed 4-12 prairie dogs in the depopulated grids and 60-80 prairie dogs in the populated grids through the summer. We did not observe a reduction in use of the populated grids of the treatment colonies through the summer. Therefore, we conclude that the SB Tensar snowfence did not deter the use of an area by prairie dogs in the same manner as burlap fences and windrows apparently did in the study by Franklin and Garrett (1989) .
On all colonies the number of prairie dogs did not significantly change across 12.5-m intervals, up to 50 m, from a visual barrier fence or centerline. While adult females did not respond to the visual barriers, it is possible that juveniles and males moved away from the barrier, but we have no data to support this evaluation.
The use of visual barrier fences to control recolonization and colony expansion by black-tailed prairie dogs is based on an understanding of the biology, behavior, and habitat requirements of the species. The fences do not exclude prairie dogs from an unoccupied area. Instead, they supposedly act as psychological barriers by occluding their view of the area (Franklin and Garrett 1989) . Visibility through the black SB Tensar snowfence is 60% (Hygnstrom 1995) , compared to 0% through burlap. We used SB Tensar as a visual barrier because it is an extremely durable material and is designed to withstand photodecomposition and severe wind-loading conditions that typically are experienced in the Great Plains. Hygnstrom (1995) reported that Sno-Strap, another snowfence material, did not withstand severe environmental conditions, and he observed that ditch bank liner (silt fencing) was not durable. Merriman et al. (2004) also reported considerable difficulties maintaining silt fencing. The SB Tensar fence does not provide sufficient visual obstruction to interfere with the social behaviors or habitat requirements of prairie dogs to cause them to consistently abandon an area. Solid visual barriers constructed of galvanized roofing material and silt fencing also were reported to be ineffective at hindering expansion of prairie dog colonies (Merriman et al. 2004) . Further research should be conducted on visual barriers using materials with the high durability of SB Tensar snowfence and the low visibility of a burlap fence.
